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Introduction {#sec001}
============

The cell cycle is comprised of four distinct phases, S, M, G1 and G2 gap phases. Progression to each phase is tightly regulated by different pairs of cyclin-CDK complexes \[[@pone.0223555.ref001]\], which monitor the order, integrity and fidelity of major events of the cell cycle, e.g. adequate mitotic signals for the G1-S checkpoint and faithful duplication and repair of DNA for the G2-M checkpoint \[[@pone.0223555.ref002]\]. Deregulation of these processes is a hallmark of oncogenesis \[[@pone.0223555.ref003]\]. Among cyclin-CDK complexes, those at the G1 phase are particularly important because they determine the ultimate commitment either to enter the cell cycle or to exit it entirely and remain quiescent. As a consequence, gain of function of the G1-S checkpoint's cyclin-CDK complexes has been shown to be a major driver in a large number of human cancers \[[@pone.0223555.ref004]\].

The D-type cyclins and their binding partners CDK4/6 are important regulators in the G1 to S checkpoint. Cyclin D expression is upregulated in response to external signals including stimulatory mitogens, inhibitory cytokines, differentiation factors and cell-to-cell contact. Cyclin D then binds to and activates CDK4/6. Activated cyclin D-CDK4/6 complex in turn phosphorylates the retinoblastoma protein, RB1, causing release of the E2F family of transcriptional factors normally sequestered by hypophosphorylated RB1 \[[@pone.0223555.ref005], [@pone.0223555.ref006]\]. Released E2F is then translocated into the nucleus where it is necessary for the transcription of genes responsible for cell-cycle progression. Consequently, overexpression of the cyclin D-CDK4/6 complex leads to uncontrollable growth, supporting the premise that inhibition of this complex has therapeutic potential as a cancer treatment. Studies using CDK4/6 inhibitors in cancer cell lines showed rapid cell cycle arrest at the G1/S checkpoint followed by senescence and, in some cases, apoptosis \[[@pone.0223555.ref007], [@pone.0223555.ref008]\]. Currently, three orally bioavailable small-molecule CDK4/6 inhibitors, including ribociclib (Kisquali or LEE011; Novartis), palbociclib (Ibrance or PD-0332991; Pfizer), and abemaciclib (Verzenio or LY-2835219; Eli Lilly) have received regulatory approval in combination with hormonal therapy for treatment of patients with metastatic hormone receptor (HR)-positive, Her2-negative breast cancer \[[@pone.0223555.ref009]--[@pone.0223555.ref013]\]. Compared to the first two generations of CDK inhibitors, these three third generation CDK inhibitors are highly selective CDK4/6 inhibitors with more specific interactions with non-conserved elements of the ATP-binding pocket of the kinase domain \[[@pone.0223555.ref014]\], resulting in significantly less off-target effects and fewer dose-limiting toxicities \[[@pone.0223555.ref015]\]. Of these three agents, ribociclib was also found to be significantly more selective towards CDK4 and CDK6 than the other two \[[@pone.0223555.ref014], [@pone.0223555.ref016]\], and will be the main focus of the current study.

Although single-agent activity has been reported for CDK4/6 inhibitors, combinations with other drugs has demonstrated enhanced anti-cancer efficacy, including combination of ribociclib with an aromatase inhibitor as approved as a first-line treatment for postmenopausal women with metastatic HR+/HER2- breast cancer \[[@pone.0223555.ref017]\]. Ribociclib combined with dexamethasone also resulted in increased cell death in B and T cell acute lymphoblastic leukemia \[[@pone.0223555.ref018], [@pone.0223555.ref019]\]. However, combinations of ribociclib and cytotoxic drugs have not been extensively studied. In theory, CDK4/6 inhibitors should be combined with cytotoxic agents that target the S or M phase of the cell cycle in order to capture tumor cells that may have escaped the cytostatic effects of CDK4/6 inhibition. However, recent studies indicated that exposure of RB1-intact breast cancer cells to a CDK4/6 inhibitor continuously prior to exposure to cytotoxic agents, such as doxorubicin and carboplatin, significantly reduced their cytotoxicity \[[@pone.0223555.ref020], [@pone.0223555.ref021]\]. This observation was in part expected due to the positive correlation between cytotoxicity of many cytotoxic drugs and the rate of cell division. In contrary, in certain ovarian cancer cell lines, additive or synergistic interactions were observed when a CDK4/6 inhibitor was given concomitantly with either carboplatin or paclitaxel \[[@pone.0223555.ref022]\]. However, another report suggested an antagonizing effect when a CDK4/6 inhibitor was combined concurrently with an anthracycline-based regimen in the triple-negative breast cancer cell line MDA-MB-231 \[[@pone.0223555.ref020]\]. In addition, due to the different phases of the cell cycle at which these two classes of drugs are active, whether a short exposure to one class of drugs will enhance response to the other, and if so, in what sequence, have not been rigorously addressed. Therefore, it remains unclear how to optimally combine these two classes of drugs to achieve additive or synergistic effects, while minimizing antagonism.

Here we tested various dosing schedules (e.g. concurrent versus sequential and continuous versus transient) of combinations of ribociclib and commonly used cytotoxic drugs in several cancer cell lines derived from human glioblastoma (GBM) and breast and non-small lung cancers to determine whether additive or synergistic cytotoxic effects can be realized when these two classes of drugs are combined. No additive or synergistic killing effects were observed in any of these dosing schedules. This lack of improved cytotoxicity appears to be a class effect as similar results were observed with palbociclib. Importantly, timed pre-treatment with ribociclib to synchronize cells at the G1/S checkpoint followed by release and then exposure with cytotoxic drugs consistently resulted in a significant reduction in cytotoxicity. Our data indicate that until further investigation into this apparent antagonism is completed, cautions are warranted when combining these two classes of drugs in clinical settings.

Materials and methods {#sec002}
=====================

Cell lines, tissue culture and drug reagents {#sec003}
--------------------------------------------

LN428 and LN308 were previously established from human GBM samples \[[@pone.0223555.ref023]\]. The human lung cancer cell line A549 and human breast cancer cell line MDA-MB-231 were obtained from ATCC (Cat. \# CCL-185 and HTB-26). All cell lines were cultured in DMEM medium (Corning, 10013CV) supplemented with 10% fetal bovine serum (sigma, F0926),1% penicillin and 1% streptomycin, at 37°C with 5% CO~2~ supplementation. Clinical grade ribociclib (LEE011) was obtained from Novartis, Inc. Carmustine (C0400), carboplatin (C2538), temozolomide (T2577), etoposide (E1383), irinotecan (I1406) were from Sigma-Aldrich; paclitaxel or taxol (S1150) and palbociclib (S1116) were from Selleck Chemicals.

IC~50~ determination and drug combination treatment {#sec004}
---------------------------------------------------

Cells were seeded for 24 hours before drug treatment in 96-well plates at a density of 1000 cells/well for LN428 and A549 and 2000 cells/well for LN308 and MDA-MB-231. For IC~50~ determination of all drugs, cells were treated for 3 days with increasing drug concentrations. Drugs were replenished every 24 hrs. For treatment with drug combinations, cells were treated with different drugs at their IC~50~ concentration as indicated. For synchronization drug combination treatment, cells were seeded in 6-well plates and treated with either ribociclib at IC~50~ concentration or media alone for either 1 or 5 days. Subsequently, equal numbers of ribociclib or media treated cells were re-seeded in 96-well plates for 24 hours before cytotoxic agents were added for the next 3 days. Drugs were replenished every 24 hrs.

At the conclusion of treatment, cell viability was determined using Calcein AM reagent (Invitrogen, C3100MP) following the manufacturer's protocol \[[@pone.0223555.ref024]\]. Briefly, cells were washed once with DPBS and incubated in 4μM Calcein AM solution for 45 minutes at room temperature. Live cells were then enumerated, or the coverage area of live cells measured as percentage of the total area of the well in cases where cells grow as adherent clusters, using a Spectramax i3X plate reader. Dose-response inhibitory curves were generated and IC~50~ determined using the statistical software Prism.

For comparison of more than two groups drug combinations, one-way ANOVA analysis was applied assuming Gaussian distribution of the dataset and using Tukey test to correct for multiple comparisons. For two groups comparison, unpaired, two-tailed student T-test was applied assuming both groups of treatment having the same standard of deviation.

Cell cycle analysis {#sec005}
-------------------

Cellular DNA content assay was performed as previously described \[[@pone.0223555.ref025]\]. Briefly, cells were seeded in 12-well plates such that on the day of DNA content determination the maximal confluency was 70--80%. Cells were treated with ribociclib at IC~50~ concentration for 0 to 5 days starting at 24 hours after seeding. Ribociclib was replenished every 24 hrs. Cells were trypsinized, washed in DPBS, fixed in 70% ethanol at 4°C for 2 hours, and stained with propidium iodide (PI) (0.1% TritonX-100, 100μg/ml RNase, 10μg/ml PI) at 37°C for 15 minutes. Cellular DNA content was determined by flow cytometer and analyzed by FlowJo.

BrdU incorporation assay {#sec006}
------------------------

BrdU was performed as previously described \[[@pone.0223555.ref025]\]. Briefly, 3×10^5^ cells were seeded in 6-well plate for LN428 and A549. One day after seeding, cells were treated with ribociclib at IC~50~ concentration for 1 day, followed by 10μM BrdU containing media for 0, 2 or 4 hrs. Treated cells were then washed twice with DPBS, fixed in ice cold 70% ethanol, permeabilized in 1 M HCL solution containing 0.5% TritonX-100 for 30 minutes followed by 0.1 M Na~2~B~4~O~7~, pH 8.5 for 2 minutes at room temperature, stained with FITC-labeled anti-BrdU monoclonal antibody (Biolegend, Cat\# 364103) at 4°C overnight, counterstained with 1 mg/ml propidium iodide, and analyzed by flow cytometry.

Results {#sec007}
=======

Combining ribociclib with cytotoxic drugs does not increase cytotoxicity {#sec008}
------------------------------------------------------------------------

CDK4/6 inhibitors are expected to have cytostatic effects by causing cell cycle arrest at the G1/S checkpoint. As a result, much effort has been focused on identifying optimal combinations of CDK4/6 inhibitors and other anti-cancer therapeutics. Combinations of CDK4/6 inhibitors and anti-hormonal therapy have demonstrated significant efficacy against HR-positive breast cancer \[[@pone.0223555.ref026]--[@pone.0223555.ref029]\]. However, it has proven more challenging to combine CDK4/6 inhibitors with cytotoxic drugs despite the fact that cytotoxic chemotherapy is much more widely used as anti-cancer treatment. This is due in large part to their distinct and potentially counteracting mechanisms of action, with some earlier reports demonstrating contradicting observations \[[@pone.0223555.ref019], [@pone.0223555.ref030], [@pone.0223555.ref031]\].

Based on where each of these two classes of drugs works during the cell cycle, we hypothesize that two potential dosing schedules may produce enhanced cell killing effects: 1) initial exposure of cycling tumor cells to a CDK4/6 inhibitor synchronizes cells at the G1 phase. Upon release from CDK4/6 inhibition, G1 synchronized cells that have not undergone irreversible cellular senescence will enter the S phase simultaneously when they are predicted to be maximally susceptible to cytotoxic drugs; or alternatively, 2) tumor cells treated first with a cytotoxic drug active at either the S or M phase will lead to arrest at either the G2/M or M checkpoint, respectively, and eventually to apoptosis. Those that can partially repair the cytotoxic insults and escape these checkpoints will enter the G1 phase where they may become susceptible to CDK4/6 inhibition. The presence of partially repaired DNA damage from prior exposure to cytotoxic drugs increases the rate that cells in G1 arrest due to CDK4/6 inhibition may undergo senescence or apoptosis. If either of these hypotheses is correct, combinations given in one of these sequential schedules are predicted to have at least an additive, if not synergistic, cytotoxic effect as compared to the concurrent schedule or monotherapy.

First, we determined the half inhibitory concentrations (IC~50~) of ribociclib and six commonly used cytotoxic agents: two alkylating agents (temozolomide and carmustine) \[[@pone.0223555.ref032]--[@pone.0223555.ref034]\], the DNA cross-linker carboplatin \[[@pone.0223555.ref035], [@pone.0223555.ref036]\], the topoisomerase I and II inhibitors irinotecan \[[@pone.0223555.ref037]\] and etoposide \[[@pone.0223555.ref038]\], respectively, and the microtubule-stabilizing agent paclitaxel (Taxol) \[[@pone.0223555.ref036], [@pone.0223555.ref039]\] in four established human cancer cell lines including the two GBM lines LN428 and LN308 \[[@pone.0223555.ref023]\], the triple negative breast cancer line MDA-MB-231, and the lung adenocarcinoma line A549 ([Fig 1A](#pone.0223555.g001){ref-type="fig"} and [S1A--S1G Fig](#pone.0223555.s001){ref-type="supplementary-material"}). To reflect standard clinical usage, GBM cells were treated with temozolomide, carmustine, carboplatin, irinotecan, and etoposide, while lung and breast cancer cells with carboplatin and paclitaxel, respectively. Next, to test the above hypotheses, equal numbers of cancer cells were plated and treated with these two classes of drugs combined sequentially either with ribociclib first for 2 days followed immediately by 2 days of a cytotoxic drug or vice versa, and the number of remaining live cells determined at the end of treatment using the live cell fluorescence dye calcein \[[@pone.0223555.ref024]\]. For comparisons, the same cell lines were treated for a total of 2 days with a cytotoxic drug alone followed by 2 days of the vehicle or 4 days with either both drug classes concurrently or a cytotoxic drug alone or ribociclib alone ([Fig 1B](#pone.0223555.g001){ref-type="fig"}). Although concurrent combinations of ribociclib with etoposide and paclitaxel showed an additive effect in LN308 ([S1I Fig](#pone.0223555.s001){ref-type="supplementary-material"}) and A549 cells ([Fig 1F](#pone.0223555.g001){ref-type="fig"}), respectively, compared to cytotoxic drug or ribociclib alone, this additive effect was not observed in other cell lines or other cytotoxic drugs ([Fig 1C--1F](#pone.0223555.g001){ref-type="fig"} and [S1H--S1J Fig](#pone.0223555.s001){ref-type="supplementary-material"}). Sequential schedules of these two classes of drugs in all four cell lines failed to increase cytotoxicity as compared to treatment with cytotoxic drugs alone for either 4 or 2 days. Importantly, in some cases, when ribociclib treatment preceded a cytotoxic drug, reduced cytotoxicity was observed as compared to two-day treatment with the same cytotoxic drug alone ([Fig 1C--1F](#pone.0223555.g001){ref-type="fig"} and [S1H--S1J Fig](#pone.0223555.s001){ref-type="supplementary-material"}). These results indicate that while concurrent combinations of a CDK4/6 inhibitor with etoposide and paclitaxel in GBM LN308 and lung adenocarcinoma A549 cell lines appeared to produce some additive cytotoxicity, similar to previously being reported \[[@pone.0223555.ref040]\], sequential schedules did not produce the same additivity. In addition, most other combination schedules, especially the sequential, of ribociclib and a S-phase active (i.e. genotoxic) drug did not increase the genotoxic drug's cytotoxicity. To assess whether these observations were specific to ribociclib or rather a class effect of CDK4/6 inhibitors in general, we determined the IC~50~ of another CDK4/6 inhibitor palbociclib ([S2A Fig](#pone.0223555.s002){ref-type="supplementary-material"}) and repeated these same experiments combining palbociclib with carmustine or carboplatin in LN428 cells and carboplatin or paclitaxel in A549 cells. Similar to ribociclib, most combinations of palbociclib and these cytotoxic drugs did not lead to enhanced cytotoxicity, and the sequential schedules, especially with palbociclib preceding cytotoxic drugs, diminished cytotoxicity ([S2B and S2C Fig](#pone.0223555.s002){ref-type="supplementary-material"}). Taken together, these results indicate that the lack of cooperativity, and, in certain sequential combinations, detriment in cancer cell killing when CDK4/6 inhibitors are combined with cytotoxic drugs are likely a class effect of CDK4/6 inhibitors.

![Combining ribociclib with cytotoxic drugs did not increase cytotoxicity.\
(A) Table of average IC~50~ of three independent IC~50~ determinations of indicated cytotoxic drugs in indicated cell lines. (B) Different dosing schedules of combinations of ribociclib and cytotoxic drugs. (C-F) Graphs of representative cytotoxicity assay of 3 independent repeats of the various combinations of ribociclib and indicated cytotoxic drugs as shown in B at the IC~50~ concentration for each drug in LN428 and LN308 cells (C-D) and MDA-MB-231 and A549 cells (E-F). All values are numbers of live cells remaining in culture at the end of treatment and presented as mean (SD). P-value was calculated by one-way ANOVA: \*, p\<0.033; \*\*, p \<0.02; \*\*\*, p \< 0.001.](pone.0223555.g001){#pone.0223555.g001}

We reason that this general lack of cooperativity may either be inherent in the differences in the mechanisms of action of these two classes of drugs or may signal that a more precise scheduling coordination is required to produce such a cooperative effect. To explore these possibilities, we tested whether release of synchronized cells induced by one class of drugs (e.g. G1 or G2/M synchronized cells treated with ribocilicb or cytotoxic drugs, respectively) was necessary for the maximal inhibitory effect of the other drug class, we introduced a 24-hr drug-free interruption in treatment between the two drug classes. Controls were cells treated with a total of 4 days of cytotoxic drugs or vehicle alone with a 24-hr interruption in the middle ([Fig 2A](#pone.0223555.g002){ref-type="fig"}). Similar to the uninterrupted schedules, treatment with ribociclib prior to a cytotoxic drug demonstrated only a modest increase in cytotoxicity when compared to vehicle-treated controls, yet significantly reduced cytotoxicity when compared to cytotoxic drugs alone or cytotoxic drugs followed by ribociclib ([Fig 2B--2E](#pone.0223555.g002){ref-type="fig"} and [S3 Fig](#pone.0223555.s003){ref-type="supplementary-material"}). In addition, there was no significant difference in cytotoxicity between 2 days of cytotoxic drug treatment followed by ribociclib and 4 days of cytotoxic drugs. Although this observation may suggest that ribociclib enhances cytotoxicity when given after a cytotoxic drug, it is more likely that the addition of ribociclib did not add to cytotoxicity and 2 days of treatment with a cytotoxic was sufficient at achieving maximal cytotoxicity since 2- and 4-day treatment with a cytotoxic drug alone had similar cytotoxicity ([Fig 1C--1F](#pone.0223555.g001){ref-type="fig"}). Taken together, these results indicate that allowing arrested cells time to re-enter the cell cycle did not generate a cooperative condition for additive or synergistic effects when combining CDK4/6 inhibitors with cytotoxic drugs, and further confirm that pre-exposure to CDK4/6 inhibitors may reduce cytotoxicity of cytotoxic drugs.

![Interrupted schedules of ribociclib with cytotoxic drugs did not increase cytotoxicity.\
(A) Diagrams of interrupted schedules of treatment with ribociclib and cytotoxic drugs. (B-E) Graphs of representative cytotoxicity assay of 3 independent repeats of the various combinations of ribociclib and indicated cytotoxic drugs as shown in A at the IC~50~ concentration for each drug in LN428 (B), LN308 (C), MDA-MB-231 (D) and A549 cells (E). All values are numbers of live cells remaining in culture at the end of treatment and presented as mean (SD). P-value was calculated by one-way ANOVA: \*, p\<0.033; \*\*, p \<0.02; \*\*\*, p \< 0.001.](pone.0223555.g002){#pone.0223555.g002}

Synchronized release of ribociclib-induced G1/S arrested cells into cycling unexpectedly leads to reduced cytotoxicity of cytotoxic drugs {#sec009}
-----------------------------------------------------------------------------------------------------------------------------------------

Next, we asked whether synchronized release of ribociclib-induced G1/S arrested cells into cycling may produce the potential synergy with cytotoxic drugs that was not realized by unsynchronized combinations tested above. To achieve synchronized release, we first established the optimal timing of ribociclib-induced G1/S arrest and the kinetics of release from the arrest after ribociclib withdrawal in all four cell lines, using propidium iodine (PI)-based DNA content analysis by flow cytometry ([Fig 3](#pone.0223555.g003){ref-type="fig"} and [S4 Fig](#pone.0223555.s004){ref-type="supplementary-material"}). The percentage of cells at each stage of the cell cycle was monitored daily before, during and after withdrawal of treatment with ribociclib at its corresponding IC~50~ concentration. Twenty-four hours of exposure to ribociclib was sufficient to achieve maximal arrest at the G1/S checkpoint as demonstrated by the G1 fraction increasing from 48--62.5% before treatment to 87--97% after treatment in these four cell lines ([Fig 3B and 3C](#pone.0223555.g003){ref-type="fig"} and [S4B and S4C Fig](#pone.0223555.s004){ref-type="supplementary-material"}). Unexpectedly, prolonged exposure to ribociclib did not increase the G1 fraction further, but rather promoted a gradual release of arrested cells from the G1/S checkpoint, resulting in an increase in both the S and G2-M fractions and a corresponding reduction in the G1 fraction. Although the escaped population was small and its mechanism is unclear, this phenomenon was observed in all 4 cell lines with similar kinetics ([Fig 3B and 3C](#pone.0223555.g003){ref-type="fig"} and [S4B and S4C Fig](#pone.0223555.s004){ref-type="supplementary-material"}). To minimize the effect of this escape in subsequent experiments, we selected 24 hours of ribociclib treatment as the optimal G1/S arrest synchronization. Next, the kinetics of release from the G1/S arrest was measured after ribociclib withdrawal. Just as in the G1/S arrest synchronization, release from G1/S arrest was also brisk starting by 24 hours after withdrawal ([Fig 3D--3F](#pone.0223555.g003){ref-type="fig"} and [S1D--S1F Fig](#pone.0223555.s001){ref-type="supplementary-material"}). Based on these results, we selected 24-hr treatment with ribociclib followed by 24-hr drug withdrawal as the optimal synchronized release regime and tested whether it could create a synergistic cell killing effect with subsequent exposure to cytotoxic drugs.

![Optimal synchronization-release regime for ribociclib-induced arrest at the G1/S checkpoint.\
(A) A diagram of G1/S synchronization by ribociclib. (B-C) Representative histograms of cell cycle analysis of MDA-MB-231 (B) and LN428 (C) cancer cell lines treated with ribociclib for 0--5 days (D0-D5). Percentages of cells at different stages of the cell cycle are listed. (D) A diagram of release schedule from ribociclib-induced G1/S arrest synchronization.(E-F) Representative histograms of cell cycle analysis of MDA-MB-231 (B) and LN428 (C) cancer cell lines treated with ribociclib for 1 day followed by ribociclib withdrawal for 0--3 days (D0-D3). Percentages of cells at different stages of the cell cycle are listed.](pone.0223555.g003){#pone.0223555.g003}

Equal numbers of cells were plated overnight and then treated for 24 hours with ribociclib at each cell line-specific IC~50~ dose or vehicle control media. To minimize differences in cell density at the time of treatment with cytotoxic drugs, which may influence sensitivity to cytotoxic effects of these drugs, the same number of ribociblib-induced G1/S arrested and vehicle-treated cells were re-seeded and cultured for 24 hours in ribociclib-free media to initiate synchronized release. This was followed by 72 hours treatment with a cytotoxic drug and live cell numbers determined ([Fig 4A](#pone.0223555.g004){ref-type="fig"} and [S5A Fig](#pone.0223555.s005){ref-type="supplementary-material"}). Although synchronized release from G1/S arrest enhanced cytotoxicity of cytotoxic drugs in LN428 GBM cells ([Fig 4B](#pone.0223555.g004){ref-type="fig"}), it failed to replicate in LN308 GBM cells ([S5C Fig](#pone.0223555.s005){ref-type="supplementary-material"}) and MDA-MB-231 ([Fig 4C](#pone.0223555.g004){ref-type="fig"}). In contrast, in A549 cells, synchronized release created increased resistance to cytotoxic drugs ([S5B Fig](#pone.0223555.s005){ref-type="supplementary-material"}). Taken together, ribociclib-synchronized arrest and release does not consistently improve efficacy of cytotoxic drugs in these cancer cell lines.

![Synchronized release from ribociclib-induced G1/S checkpoint arrest did not increase cytotoxicity of cytotoxic drugs.\
(A) Diagrams of experimental and control treatment schedule based on the synchronization-release schedules shown in [Fig 3](#pone.0223555.g003){ref-type="fig"}.(B-C) Representative graphs of 3 independent repeats of the cytotoxicity assay in indicated cells treated with indicated cytotoxic drugs after the 1-day synchronization-1-day release regime as shown in A. (D-E) Representative graphs of 3 independent repeats of the cytotoxicity assay in indicated cells treated with indicated cytotoxic drugs after the 5-day synchronization-1-day release regime as shown in A. All values are numbers of live cells remaining in culture at the end of treatment and presented as Mean (SD). P-value was calculated using 2-sided T-test: \*, p\<0.05; \*\*, p \<0.01; \*\*\*, p \< 0.001.](pone.0223555.g004){#pone.0223555.g004}

As currently approved, each treatment cycle of ribociclib is normally administered daily for at least 3 weeks uninterrupted. However, as demonstrated above ([Fig 3B and 3C](#pone.0223555.g003){ref-type="fig"} and [S4B and S4C Fig](#pone.0223555.s004){ref-type="supplementary-material"}), prolonged treatment with ribociclib led, not to maximal G1/S synchronization, but instead to gradual escape from arrest. Whether this slow release of cells by escape generates cells that remain sensitive to cytotoxic drugs or instead cells with escape mechanisms that can overcome subsequent cell cycle checkpoints is unclear. To address these questions, we treated cells with ribociclib continuously for 5 days, released by 24 hours ribociclib withdrawal, and followed by 3 days of treatment with a cytotoxic drug. Prolonged exposure to ribociclib reversed LN428's sensitivity to cytotoxic drugs observed with a shorter exposure to ribociclib and instead created resistant cells (compare [Fig 4B](#pone.0223555.g004){ref-type="fig"} to [Fig 4D](#pone.0223555.g004){ref-type="fig"}), while producing no impact on the rest of the other cell lines examined ([Fig 4E](#pone.0223555.g004){ref-type="fig"} and [S5D](#pone.0223555.s005){ref-type="supplementary-material"} and [S4E](#pone.0223555.s004){ref-type="supplementary-material"} Figs).

For the S-phase active agents examined (etoposide, irinotecan, carboplatin and carmustine), sensitivity occurs when cells progress through DNA replication. It is possible that the 24 hours release from the ribociclib-synchronized arrest indicated above failed to capture many reentry cells during their S-phase transition since there was already 10--20% of cells containing G2 phase DNA content, which would not be sensitive to S-phase active agents. Therefore, to more accurately ensure correct timing of maximal synchronization of S-phase entry and exposure to S-phase active agents, we monitored S phase entry after release (i.e. ribociclib withdrawal) by measuring timed incorporation of the thymidine analog bromodeoxyuridine (BrdU) into DNA during DNA replication \[[@pone.0223555.ref025]\]. Cells were treated with ribociclib for 24 hours followed by ribociclib withdrawal in a BrdU containing media, and fractions of BrdU-positive cells determined at 0, 2, and 4 hours after release. In the two cell lines tested, A549 and LN428, within 2 hours of release, cells have begun to enter S phase as the BrdU-positive fraction increased more than 20 folds ([Fig 5A--5C](#pone.0223555.g005){ref-type="fig"}). Released cells were then treated with cytotoxic drugs either at the time of or 2 hours after release. Since the rate of intracellular accumulation of cytotoxic drugs may differ among cell lines, we also tested adding cytotoxic drugs at 6 and 2 hours before release ([Fig 5D](#pone.0223555.g005){ref-type="fig"}). Controls were cells treated with cytotoxic drugs for 3 days followed by 1-day treatment with media or ribociclib. There was no improvement in cytotoxic in any of the timed coordination compared to treatment with cytotoxic drugs alone. In fact, adding cytotoxic drugs at the time of or 2 hours after release, actually impaired cytotoxicity of certain cytotoxic drugs (e.g. paclitaxel in A549 cells and carboplatin in LN428 cells) ([Fig 5E and 5F](#pone.0223555.g005){ref-type="fig"}).

![Precise coordination of S-phase entry after ribociclib withdrawal and exposure to cytotoxic drugs did not enhance cytotoxicity.\
(A) A diagram of the schedule for release from ribociclib-synchronized G1/S arrested cells.(B-C) Representative FACS plots of a BrdU incorporation assay in A549 (B) and LN428 (C) cell lines after release from ribociclib-synchronized G1/S arrest. (D) Diagrams of coordination schedule of S-phase entry (BrdU incorporation) and treatment with cytotoxic drugs.(E-F) Representative graphs of 3 independent repeats of a cytotoxicity assay based on the coordination schedule in D in A549 (E) and LN428 (F) cell lines. carbo: carboplatin; carm: carmustine. All values are numbers of live cells remaining in culture at the end of treatment and presented as mean (SD). P-value was calculated by one-way ANOVA: \*, p\<0.033; \*\*, p \<0.02; \*\*\*, p \< 0.001.](pone.0223555.g005){#pone.0223555.g005}

In summary, we did not detect any significant advantage of inhibiting CDK4/6 before cytotoxic drugs, and prolonged CDK4/6 inhibition did not enhance cytotoxic drug efficacy. And in some cancer cell lines this combination may render cells more resistant to cytotoxic chemotherapy.

Discussion {#sec010}
==========

Overactive CDK4/6-dependent pathway is frequently observed in many human cancers. Hence, inhibition of CDK4/6 has emerged as an attractive therapeutic strategy against cancer. Based on the mechanism of action, CDK4/6 inhibitors are predicted to have cytostatic property. Therefore, the greatest therapeutic potential of CDK4/6 inhibitors lies in their combinations with other therapies. Combinations of CDK4/6 inhibitor with hormonal therapy in patients with HR+ breast cancer enhanced the inhibition of tumor development and progress free survival in clinical trial \[[@pone.0223555.ref026], [@pone.0223555.ref027], [@pone.0223555.ref029]\] and have been approved by FDA for the treatment of metastatic HR+ breast cancer. However, combining CDK4/6 inhibitors with cytotoxic drugs has not been well addressed, with earlier conflicting results. Due to the distinct phases of the cell cycle at which these 2 classes of agents act, it has remained unclear how best to combine them to achieve enhanced cytotoxicity without creating antagonism. Our study evaluated the efficacy of combining CDK4/6 inhibitors with 6 cytotoxic agents widely used for glioblastoma, lung and breast cancers in either concurrent or sequential administration schedules. The six cytotoxic agents used in this study have distinct mechanisms of action. Although alkylating agents (e.g. carmustine, temozolominde in this study) and platinum-based agents (e.g. carboplatin) are not cell cycle dependent, fast dividing cells in general are more sensitive to these agents than are non-dividing cells, suggesting that the cytotoxicity of these drugs are dependent on cell cycling. On the other hand, cell cycle dependent cytotoxic agents exert their cytotoxicity by disrupting cell cycle phase specific functions, thereby forcing associated cell cycle phase checkpoints, e.g. etoposide and irinotecan, S phase-specific topoisomerase inhibitors specifically target DNA replication and the S phase checkpoint, and paclitaxel, a microtubule-stabilizing agent specifically targets the M phase checkpoint. Despite these differences in their mechanisms of action, the results demonstrated that, in all 4 different cancer cell lines tested, combinations of CD4/6 inhibitors, e.g. ribociclib and palbociclib, and the 6 cytotoxic agents, given either concurrently or sequentially failed to consistently produce an additive or synergistic cytotoxic effect. Of note, treating cell with CDK4/6 inhibitors before cytotoxic drugs yielded an antagonistic effect, even when cells were released from ribociclib-induced G1/S synchronized arrest and exposure to a cytotoxic drug was timed to cellular entry into the S phase. These results bring into question the therapeutic utility of combining these 2 classes of drugs regardless of sequence and urge cautions when CDK4/6 inhibitors are administered prior to cytotoxic drugs. The mechanism underlying the antagonism of CDK4/6 inhibitors pre-treatment against cytotoxic drugs, but not when they are given concurrently or after cytotoxic drugs is unclear and could be due to the observation that CDK4/6 inhibitors shifted the burden of E2F-induced DNA repair from homologous recombination to non-homologous end joining, leading to antagonism with cytotoxic agents and contribute to increased growth \[[@pone.0223555.ref030]\]. Alternatively, cell cycle arrest at G~0~/G~1~ transition caused by CDK4/6 inhibitors may nullify cell division dependent cytotoxicity of cytotoxic agents. Recently, senescence induced by CDK4/6 inhibition has also been shown to promote the development of cancer stem-like cells \[[@pone.0223555.ref041]--[@pone.0223555.ref044]\], leading to attenuated response to cytotoxic agents and tumor recurrence. The possibility that CDK4/6 inhibitors may antagonize cytotoxic drugs though interfering with transport systems such the ATP-binding cassette (ABC) transporters system to reduce intracellular delivery of cytotoxic drugs leading to multidrug resistance development is unlikely to account for the observed antagonism because recent studies demonstrated that many CDK4/6 inhibitors including ribociclib and palbociclib were potent inhibitors of several ABC transporters \[[@pone.0223555.ref045]--[@pone.0223555.ref047]\]. Furthermore, the observation that more prolonged exposure to ribociclib led to escape from the G1/S arrest and further nullified cytotoxicity of cytotoxic drugs has practical clinical implications as ribociclib, like other approved CDK4/6 inhibitors, are routinely prescribed for weeks at a time. The mechanism of this escape is unclear but may be due in part to compensatory upregulation of CDK6 and cyclin E or via cyclin D1-CDK2-mediated escape \[[@pone.0223555.ref048]--[@pone.0223555.ref050]\].

The main limitation of our study lies in its in vitro setting. Whether the same observations hold true in vivo remains to be investigated. Until such study is completed, extra precautions are warranted when these classes of drugs are combined in the clinic.

Supporting information {#sec011}
======================

###### Combining ribociclib with cytotoxic drugs did not increase cytotoxicity.

(A-G) Representative dose-response curves of 3 independent biological repeats of ribociclib (A), carboplatin (B), carmustine (C), paclitaxel (Taxol) (D), temozolomide (TMZ) (E), etoposide (F) and irinotecan (G) for the growth inhibition of LN428, LN308, A549 and MDA-MB-231 are shown. Each data point was done in triplicates. (H-J) Graphs of representative cytotoxicity assay of 3 independent repeats of the various combinations of ribociclib as shown in [Fig 1B](#pone.0223555.g001){ref-type="fig"} at the IC~50~ concentration for each drug in LN428 and LN308 cells with TMX (H), etoposide (I) and irinotecan (J). ribo: ribociclib; TMZ: temozolomide; eto: etoposide; iri: irinotecan. All values are numbers of live cells remaining in culture at the end of treatment and presented as mean (SD). P-value was calculated by one way ANOVA: \*, p\<0.033; \*\*, p \<0.02; \*\*\*, p \< 0.001.

(TIF)

###### 

Click here for additional data file.

###### Combining palbociclib with cytotoxic drugs did not increase cytotoxicity.

\(A\) Representative dose-response curves of 3 independent biological repeats of palbociclib in LN428 and A549 cells are shown. Each data point was done in triplicates. (B-C) Graphs of representative cytotoxicity assay of 3 independent repeats of the various combinations of palbociclib at its IC~50~ concentration in LN428 (B) and A549 (C) cells with indicated cytotoxic drugs. palbo: palbociclib; carm: carmustine; carbo: carboplatin. All values are numbers of live cells remaining in culture at the end of treatment and presented as mean (SD). P-value was calculated by one way ANOVA: \*, p\<0.033; \*\*, p \<0.02; \*\*\*, p \< 0.001.

(TIF)

###### 

Click here for additional data file.

###### Interrupted schedules of ribociclib with cytotoxic drugs did not increase cytotoxicity.

(A-B) Graphs of representative cytotoxicity assay of 3 independent repeats of the various combinations of ribociclib and indicated cytotoxic drugs as shown in [Fig 2A](#pone.0223555.g002){ref-type="fig"} at the IC~50~ concentration for each drug in LN428 (A) and LN308 (B) cells (E). All values are numbers of live cells remaining in culture at the end of treatment and presented as mean (SD). P-value was calculated by one way ANOVA: \*, p\<0.033; \*\*, p \<0.02; \*\*\*, p \< 0.001.

(TIF)

###### 

Click here for additional data file.

###### Optimal synchronization-release regime for ribociclib-induced arrest at the G1/S checkpoint.

\(A\) A diagram of G1/S synchronization by ribociclib. (B-C). Representative histograms of cell cycle analysis of A549 (B) and LN308 (C) cancer cell lines treated with ribociclib for 0--5 days (D0-D5). Percentages of cells at different stages of the cell cycle are listed. (D) A diagram of release schedule from ribociclib-induced G1/S arrest synchronization. (E-F) Representative histograms of cell cycle analysis of A549 (B) and LN308 (C) cancer cell lines treated with ribociclib for 1 day followed by ribociclib withdrawal for 0--3 days (D0-D3). Percentages of cells at different stages of the cell cycle are listed.

(TIF)

###### 

Click here for additional data file.

###### Synchronized release from ribociclib-induced G1/S checkpoint arrest did not increase cytotoxicity of cytotoxic drugs.

\(A\) Diagrams of experimental and control treatment schedule based on the synchronization-release schedules shown in [Fig 3](#pone.0223555.g003){ref-type="fig"}. (B-C) Representative graphs of 3 independent repeats of the cytotoxicity assay in indicated cells treated with indicated cytotoxic drugs after the 1-day synchronization-1-day release regime as shown in A. (D-E) Representative graphs of 3 independent repeats of the cytotoxicity assay in indicated cells treated with indicated cytotoxic drugs after the 5-day synchronization-1-day release regime as shown in A. All values are numbers of live cells remaining in culture at the end of treatment and presented as Mean (SD). P-value was calculated using 2-sided T-test: \*, p\<0.05; \*\*, p \<0.01; \*\*\*, p \< 0.001.

(TIF)

###### 

Click here for additional data file.
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As noted by the reviewer\'s comments below, a number of clarifications are requested including contributions of specific cell cycle phase in synergistic/cytotoxic effects of the agents utilized in this study, and a different perhaps additional method of statistical analyses for some data. Other minor issues include a more focussed title and a revision of the discussion section.

We would appreciate receiving your revised manuscript by Aug 20 2019 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>
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A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.
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Arun Rishi, Ph.D.
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: No

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This is in general an interesting study evaluating the apoptotic/cytotoxic effect of CDKI4/6 inhibitors when combined with conventional cytotoxic drugs. Nevertheless, the evaluation of the results should be done properly as well as their interpretation. In fact the authors more or less repeat the statements from introduction and results also in the discussion not bringing too much light into this problematics. I have few concerns to the study as stated in major comments, which might help improve the takehome message of the study when addressed properly.

Major comments:

Before driving the conclusion that the CDKI4/6 inhibitors should not be combined with anticancer drugs in clinical settings, other mechanisms of possible synergism must be considered. Authors do few attempts to address the issue in the discussion, 472-489, nevertheless, the hypothesis on ABC transporters (lines 477-480) is wrong. There is no need to consider ABC efflux transporters to represent a mechanism for antagonism in this case! The authors correctly mention that several previous studies revealed first/second generation of CDKI as potent inhibitors of ABC efflux transporters, which are commonly expressed in cancer cells (citing references 41-43). Nevertheless, they completely ignore the content of these articles, e.g. the recent study of Sorf et al., 2018 clearly show the synergistic cytotoxic and proapoptotic effect of combination of ribociclib with mitoxantrone and daunorubicin in ABC-expressing cells. This factor must be discussed, even though, it did not play probably role in the results of this study since the cell lines used (such as MDA-MB-231) are known for only negligible and non-physiological levels of ABC transporters. So it is very probably, that in the clinical conditions this effect of CDKI on ABC transporter-mediated efflux of cytotoxic drugs that results in synergism in cytotoxicity might overwhelm the antagonism described here. This must be considered and at least discussed properly!

Introduction lines 97-99 the authors mention „general dependency of many cytotoxic drugs on cell division". This statement is only partly true, since e.g. alkylating agents, such as cisplatin are able to act also on quescent cells in G0 Phase. In your study you use several cytotoxic drugs, however their cell cycle phase specificity (or unspecificity) must be considered and the experimental results discussed in this context!

The statistical analysis is completely missing in the methodological part -- this must be filled properly. Re-consider also the statistical method used in evaluation of the data shown in Fig. 1 and 2. When comparing for example the effect of added ribociclib on the cisplatin alone the effect of sole ribociclib must be considered and thereby ANOVA should be better used

Minor comments

Page 17 lines 222-223 „...breast and lung and breast cancer cells" („breast" is doubled here)

Fig 1 A consistent units should be used in describing the concentration of applied drugs (preferring molarity)

Reviewer \#2: In this study, the authors tested various combinations of highly selective and potent CDK4/6 inhibitors with commonly used cytotoxic drugs in several cancer cell lines derived from lung, breast and brain cancers, for their cell-killing effects as compared to monotherapy. They concluded that all combinations, either concurrent or sequential, failed to enhance cell-killing effects, and in certain schedules, pre-treatment with a CDK4/6 inhibitor, densensitized cells to cytotoxic agents. These findings urge cautions when combining these two classes of agents in clinical settings.

Major comments

1\. Conflicting results regarding the benefit of combining small molecule CDK4/6 inhibitors with standard cytotoxic chemotherapy have been reported. Results presented in this study may not be a general phenomenon for all of the small molecule CDK4/6 inhibitors and all of the cytotoxic agents. Therefore, the title should at least indicate the specific CDK4/6 inhibitor, ribociclib, used in this study.

2\. While the results are interesting and important, however, they were conducted only in cell culture model. As there are major differences between cell culture model and preclinical animal models, it would be helpful if the authors could validate the results from cell culture study by conducting at least one preclinical animal study to demonstrate the major point of the research.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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REVIEWER \# 1

Major comments:

1\. Before driving the conclusion that the CDKI4/6 inhibitors should not be combined with anticancer drugs in clinical settings, other mechanisms of possible synergism must be considered. Authors do few attempts to address the issue in the discussion, 472-489, nevertheless, the hypothesis on ABC transporters (lines 477-480) is wrong. There is no need to consider ABC efflux transporters to represent a mechanism for antagonism in this case! The authors correctly mention that several previous studies revealed first/second generation of CDKI as potent inhibitors of ABC efflux transporters, which are commonly expressed in cancer cells (citing references 41-43). Nevertheless, they completely ignore the content of these articles, e.g. the recent study of Sorf et al., 2018 clearly show the synergistic cytotoxic and proapoptotic effect of combination of ribociclib with mitoxantrone and daunorubicin in ABC-expressing cells. This factor must be discussed, even though, it did not play probably role in the results of this study since the cell lines used (such as MDA-MB-231) are known for only negligible and non-physiological levels of ABC transporters. So it is very probably, that in the clinical conditions this effect of CDKI on ABC transporter-mediated efflux of cytotoxic drugs that results in synergism in cytotoxicity might overwhelm the antagonism described here. This must be considered and at least discussed properly!

Our response: We have re-phrased this section of the discussion to add other potential mechanisms and for better clarification of the ABC transporter connection (Lines 492-503).

2\. Introduction lines 97-99 the authors mention „general dependency of many cytotoxic drugs on cell division ". This statement is only partly true, since e.g. alkylating agents, such as cisplatin are able to act also on quescent cells in G0 Phase. In your study you use several cytotoxic drugs, however their cell cycle phase specificity (or unspecificity) must be considered and the experimental results discussed in this context!

Our response: We change the statement "general dependency of many cytotoxic drugs on cell division" (lines 96-98) to "This observation was in part expected due to the positive correlation between cytotoxicity of many cytotoxic drugs and the rate of cell division."

We change the statement "The different dependencies on cell cycle phases for cytotoxic drugs are discussed" (lines 465-476) to "The six cytotoxic agents used in this study have distinct mechanisms of action. Although alkylating agents (e.g. carmustine, temozolomide in this study) and platinum-based agents (e.g. carboplatin) are not cell cycle dependent, fast dividing cells in general are more sensitive to these agents than are non-dividing cells, suggesting that the cytotoxicity of these drugs are dependent on cell cycling. On the other hand, cell cycle dependent cytotoxic agents exert their cytotoxicity by disrupting cell cycle phase specific functions, thereby forcing associated cell cycle phase checkpoints, e.g. etoposide and irinotecan, S phase-specific topoisomerase inhibitors specifically target DNA replication and the S phase checkpoint, and paclitaxel, a microtubule-stabilizing agent specifically targets the M phase checkpoint. Despite these differences in their mechanisms of action, ..."

3.The statistical analysis is completely missing in the methodological part -- this must be filled properly. Re-consider also the statistical method used in evaluation of the data shown in Fig. 1 and 2. When comparing for example the effect of added ribociclib on the cisplatin alone the effect of sole ribociclib must be considered and thereby ANOVA should be better used.

Our response: We added the method description for statistical analysis used in this manuscript (Line 157-161) and also re-analyzed p-values by ANOVA for Figures 1, 2, 5, S1, S2, S3. Comparison between different treatments and ribociclib alone was also added in the graphs where appropriate.

Minor comments:

Page 17 lines 222-223 „...breast and lung and breast cancer cells "(„breast" is doubled here)

Our response: Corrected in line 226

Fig 1 A consistent units should be used in describing the concentration of applied drugs (preferring molarity)

Our response: A new IC50 table has replaced the previous version with consistent molarity concentration units (Figure 1A).

REVIEWER \# 2

Major comments:

1\. Conflicting results regarding the benefit of combining small molecule CDK4/6 inhibitors with standard cytotoxic chemotherapy have been reported. Results presented in this study may not be a general phenomenon for all of the small molecule CDK4/6 inhibitors and all of the cytotoxic agents. Therefore, the title should at least indicate the specific CDK4/6 inhibitor, ribociclib, used in this study.

Our response: Although we did not test all of the available CDK4/6 inhibitors, we did test 2 CDK4/6 inhibitors, ribociclib in all the experiments shown and palbociclib in two cell lines LN428 and A549 (Figure S2). The results for palbociclib are consistent with those for ribociclib. Therefore, we have changed to title to specify ribociclib and palbociclib.

2\. While the results are interesting and important, however, they were conducted only in cell culture model. As there are major differences between cell culture model and preclinical animal models, it would be helpful if the authors could validate the results from cell culture study by conducting at least one preclinical animal study to demonstrate the major point of the research.

Our response: We appreciate the suggestion and agree that this is an important next step. We did acknowledge the limitation of our study due to its in vitro nature. However, conducting a preclinical animal model study properly will require both time and resources to first optimize pharmacokinetics and pharmacodynamics profiles of individual drugs and then in combinations in a breast cancer model before definitive experiments can proceed. This study is currently in planning, we anticipate at least 1-2 more years to complete. However, as we have pointed out in the manuscript, due to the nature of our observations with direct clinical implications regarding patient safety, we feel that it is important to publish the data in its current form to alert the field that extra precautions may be warranted when these two classes of drugs are combined in the clinic until more definitive preclinical confirmation can be obtained.

###### 

Submitted filename: responses to review comments.pdf

###### 

Click here for additional data file.
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We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.
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Arun Rishi, Ph.D.
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Combining CDK4/6 Inhibitors Ribociclib and Palbociclib with Cytotoxic Agents Does Not Enhance Cytotoxicity

Dear Dr. Tran:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.
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PLOS ONE Editorial Office Staff
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Academic Editor

PLOS ONE

[^1]: **Competing Interests:**I have read the journal\'s policy and the authors of this manuscript have the following competing interests: D.D.T reports grants and personal fees from Novocure, personal fees from Monteris, grants from Merck, grants from Novartis, grants from VBL, grants from Stemline, grants from NWBiotechnology, grants from Lacerta Therapeutics, grants from Tocagen, outside the submitted work; In addition, D.D.T has a patent Master regulators of GBM pending, a patent GeneRep and nSCORE pending, a patent Methods of Cancer Screening and Monitoring pending, a patent AAV variants targeting GBM pending, a patent Mechanism of resistance to TTFields in GBM pending, a patent Methods for Targeted Treatment and Prediction of Patient Survival in Cancer pending, and a patent Chemotherapeutic Resensitization of Disseminated Cancer Stem Cells through Reactivation by P38 Inhibition and IL-6 Inhibition - Chemotherapeutic Methods pending. However, this does not alter our adherence to PLOS ONE policies on sharing data and materials.

[^2]: Current address: Lake Erie College of Osteopathic Medicine, Erie, PA, United States of America
